Introduction {#sec1-1744806920925425}
============

Chronic pain is a frequent consequence of peripheral nerve injury and inflammation. Dorsal root ganglia (DRG) are a site in the peripheral somatosensory pathway that is critically involved in the development and maintenance of chronic pain.^[@bibr1-1744806920925425][@bibr2-1744806920925425]--[@bibr3-1744806920925425]^ A unique feature of the DRG is that each sensory neuronal soma with its initial axon segment is ensheathed by several satellite glial cells (SGCs) that are interconnected each other via gap junctions, together forming a discrete anatomical and functional sensory unit.^[@bibr4-1744806920925425][@bibr5-1744806920925425]--[@bibr6-1744806920925425]^ This structure permits bidirectional communication and functional interactions between sensory neurons and SGCs, including activation of neighboring neurons and SGCs.^[@bibr7-1744806920925425],[@bibr8-1744806920925425]^ There is now growing evidence that normal neuronal activity in DRG depends on neuron--glia interactions and that abnormal SGC function may contribute to painful conditions.^[@bibr9-1744806920925425][@bibr10-1744806920925425][@bibr11-1744806920925425][@bibr12-1744806920925425]--[@bibr13-1744806920925425]^ Thus, there is a need to more fully understand the nature of SGC interactions with primary sensory neurons and their role in chronic pain.

SGCs share biological properties with astrocytes of central nervous system (CNS),^[@bibr14-1744806920925425]^ such as their common functions of regulating ion concentrations in the extracellular space, recycling of neurotransmitters, and proliferation/activation in response to injury. Astrocyte-expressed proteins and transporters for various neuroactive molecules (cytokines, ATP, bradykinins, etc.) have also been identified in SGCs.^[@bibr5-1744806920925425],[@bibr15-1744806920925425]^ Additionally, SGCs express various ion channels that were historically thought to be exclusively expressed in neurons, including channel protein belonging to the transient receptor potential (TRP) family, such as TRPV4.^[@bibr16-1744806920925425]^ With the development of potent and selective pharmacological reagents, new antibodies, and advanced molecular genetic techniques, new roles for various TRP channels have been revealed in diverse nonneuronal cells. For example, transient receptor potential ankyrin 1 (TRPA1) has been found expressed in CNS astrocytes functioning in regulating astrocyte calcium homeostasis.^[@bibr17-1744806920925425],[@bibr18-1744806920925425]^ TRPA1 has also been demonstrated to have wide expression in many other nonneuronal cells, such as keratinocytes, mast cells, dendritic cells, lung cells, and endothelial cells, where its multiple functions occur through regulation of nonneuronal cell activities.^[@bibr19-1744806920925425],[@bibr20-1744806920925425]^ Recent reports describe expression and function of TRPA1 in CNS oligodendrocytes^[@bibr21-1744806920925425]^ and peripheral nerve Schwann cells (SCs).^[@bibr22-1744806920925425],[@bibr23-1744806920925425]^ Human SCs also express TRPA1 and recapitulate the functions of mouse SCs.^[@bibr22-1744806920925425]^

SGCs and SCs are both derived from neural crest stem cells during embryonic development and share similar gene expression pattern and cellular morphology.^[@bibr6-1744806920925425],[@bibr24-1744806920925425]^ The former ensheathe the primary sensory neurons, and the latter are divided into two types, either myelinating SCs that enwrap large-diameter axons or nonmyelinating SCs that surround the nonmyelinated C fiber nociceptors. SGCs may represent a population of developmentally arrested SCs.^[@bibr24-1744806920925425]^ It is now recognized that TRPA1 is expressed by peripheral nerve SCs where it contributes to peripheral nerve injury-induced chronic pain states. However, significantly less is known whether TRPA1 is also expressed and functions in SGCs.

In the resent study, we use a well-validated TRPA1 extracellular loop-epitope antibody and Fura-2 ratiometric microfluorimetry to study TRPA1 expression and function, with a particular focus on the DRG SGC population and comparison to primary sensory neuronal TRPA1 expression as well. Our goals are to first determine if TRPA1 is expressed in SGCs and, if so, to characterize its function in regulating calcium homeostasis in these cells, and finally to identify if SGC-TRPA1 is altered in inflammatory and neuropathic pain conditions. Our positive findings in these experiments support that SGC-TRPA1 may play a role in the pathophysiology of chronic pain, and targeting SGC-TRPA1 could be a potential strategy for treatment of chronic pain.

Materials and methods {#sec2-1744806920925425}
=====================

Animals {#sec3-1744806920925425}
-------

Adult male Sprague Dawley rats (six to eight weeks old, Charles River Laboratories, Wilmington, MA, USA) and male mice in C57BL/6 background with TRPA1 null and their wild-type littermates (eight weeks old)^[@bibr25-1744806920925425],[@bibr26-1744806920925425]^ were used. All animal experiments were performed with the approval of the Zablocki VA Medical Center Animal Studies Subcommittee and Medical College of Wisconsin Institutional Animal Care and Use Committee in accordance with the National Institutes of Health Guidelines for the Care and Use of Laboratory Animals. Animals were housed individually in a room maintained at constant temperature (22 ± 0.5°C) and relative humidity (60 ± 15%) with an alternating 12 hr light--dark cycle. Animals were given access to water and food *ad libitum* throughout the experiment, and all efforts were made to minimize suffering and the numbers of animal used. For tissue harvest euthanasia, animals were deeply anesthetized by isoflurane followed by decapitation with a well-maintained guillotine. The numbers of rats used are detailed in the relevant sections of the experiments.

Pain models {#sec4-1744806920925425}
-----------

Inflammatory pain was induced by subcutaneous intraplantar injection of a single dose of complete Freund's adjuvant (CFA), performed as described previously.^[@bibr27-1744806920925425]^ Briefly, on day 0, after baseline behavior testing (von Frey, Pin, and Hargreaves heat), rats were anesthetized briefly with isoflurane (4% induction and 2% maintenance), their right foot was swabbed with ethanol, followed by injection of 100 µl of CFA (Sigma-Aldrich, St. Louis, MO, USA) at a concentration of 1.0 mg/ml or saline subcutaneously in the plantar surface of the right hindpaw.^[@bibr28-1744806920925425]^ Behavior was evaluated thereafter every 2 days until 10 days post CFA.

Neuropathic pain was induced using the spared nerve injury (SNI) model, performed as described previously.^[@bibr29-1744806920925425][@bibr30-1744806920925425]--[@bibr31-1744806920925425]^ Briefly, after baseline behavior testing (von Frey, Pin, and Heat), the surgical field (right leg) of the isoflurane-anesthetized animal was shaved and disinfected. The skin was incised at the lateral midthigh and the underlying muscles separated to expose the right sciatic nerve. The tibial and common peroneal nerves were then individually ligated with 6--0 sutures and transected distally to the ligature, and 2 to 3 mm of each nerve was removed from the distal segment of these nerves. Contact with the preserved sural nerve was avoided. Muscle and skin were then closed using 4.0 monofilament nylon sutures and wound clips. The rats were then monitored in their cages until fully emerged from anesthesia. Behavior was evaluated thereafter on a weekly basis until four weeks post SNI. Sham-operated rats were subjected to the same procedures but without nerve ligation and transection. Animals without surgery or manipulation are designated naïve rats.

Sensory behavioral testing {#sec5-1744806920925425}
--------------------------

Animals were habituated in individual test compartments for at least 1 hr before each testing. Behavioral tests for punctate mechanical perception (von Frey test), punctate mechanical nociception (Pin test), and heat nociception (Hargreaves test) were performed as previously described.^[@bibr32-1744806920925425]^ Specifically, the von Frey test was performed using calibrated monofilaments (Patterson Medical, Bolingbrook, IL, USA) beginning with the 2.8 g filament, which were applied with just enough force to bend the fiber and held for 1 s. If a response was observed, the next smaller filament was applied, and if no response was observed, the next larger was applied, until a reversal occurred, defined as a withdrawal after a previous lack of withdrawal, or vice versa. Following a reversal event, four more stimulations were performed following the same pattern. The forces of the filaments before and after the first reversal, and the four filaments applied thereafter, were used to calculate the 50% withdrawal threshold.^[@bibr33-1744806920925425]^ Rats not responding to any filament were assigned a score of 25 g. The Pin test was performed using the point of a 22 g spinal anesthesia needle that was gently applied to the center of plantar surface of the hindpaw without penetrating the skin. Five applications were separated by at least 10 s, which was repeated after 2 min, making a total of 10 touches. For each application, the induced behavior was either a very brisk, simple withdrawal with immediate return of the foot to the cage floor or a sustained elevation with grooming that included licking and chewing, and possibly shaking, which lasted at least 1 s. This behavior, termed a hyperalgesic response, is specifically associated with place avoidance,^[@bibr34-1744806920925425]^ indicating that it is aversive. This test was quantified by tabulating hyperalgesic responses as a percentage of total touches. Radiant heat test was performed using a device designed for the purpose of identifying heat sensitivity (Paw Thermal Stimulator System, University Anesthesia Research & Development Group, San Diego, CA, USA). Rats were placed on the temperature-regulated glass platform heated to 30°C, and the lateral plantar surface of the hindpaws were stimulated with a radiant heat source (50 W halogen bulb) directed through an aperture. The time elapsed from initiation of the stimulus until withdrawal (withdrawal latency) as detected by a photocell was measured. Each hindpaw was tested 4 times and the withdrawal latency values averaged.

Immunolabeling and analysis {#sec6-1744806920925425}
---------------------------

For immunohistochemistry (IHC), animals tested were terminally anesthetized. L4/5 DRGs, sciatic nerves, and the medial plantar and hairy skin of hindpaws were dissected, postfixed in 10% buffered zinc formalin (ThermoFisher, Pittsburgh, PA, USA), and processed for paraffin embedding and sectioning. IHC double staining was performed to characterize cellular specificity and distribution of target molecules in sections, as previously described.^[@bibr35-1744806920925425]^ Briefly, 5-µm thick sections were de-paraffinized in xylene and rehydrated through graded alcohols and treated by heat-induced epitope retrieval in 10 mM citrate buffer, pH 6.0∼7.0 (depending on the antibody used). Sections were first immunolabeled with the selected primary antibodies overnight at 4°C ([Table 1](#table1-1744806920925425){ref-type="table"}). The specificity of a rabbit extracellular TRPA1 antibody (Alomone, Jerusalem, Israel), which recognizes the epitope (NSTGIINETSDHSE) corresponding to amino acid residues 747 to 760 in the first extracellular loop of human TRPA1, has been validated in previous publications for identifying TRPA1 immunopositive profiles in rat and mouse DRGs by the previous publications.^[@bibr19-1744806920925425],[@bibr36-1744806920925425][@bibr37-1744806920925425][@bibr38-1744806920925425][@bibr39-1744806920925425]--[@bibr40-1744806920925425]^ We also tested the specificity by preincubating the antibody solution with the specific TRPA1 antigenic peptides (5 µg/ml, Alomone) for 2 hr prior to immunostaining, as described previously.^[@bibr15-1744806920925425]^ The specificities of the other antibodies used in this study have been previously confirmed.^[@bibr15-1744806920925425],[@bibr30-1744806920925425],[@bibr41-1744806920925425],[@bibr42-1744806920925425]^ All antibodies were diluted in 1× phosphate-buffered saline (PBS), containing 0.05% Triton X-100 and 3% bovine serum albumin. Normal immunoglobulin G (IgG from same species as the first antibody, [Table 1](#table1-1744806920925425){ref-type="table"}) was replaced for the first antibody in negative controls. The appropriate fluorophore-conjugated (Alexa 488 or Alexa 594, 1:2000) secondary antibodies (Jackson ImmunoResearch, West Grove, PA, USA) were used to reveal immune complexes. The sections were washed three times 5 min each with PBS containing 0.05% Tween-20 between incubations. To stain nuclei, 1.0 µg/ml Hoechst 33342 (ThermoFisher) was added to the secondary antibody mixture. The sections were examined, and images were acquired on a Nikon TE2000-S fluorescence microscope (El Segundo, CA, USA), equipped with an Optronics QuantiFire digital camera and acquisition software (Ontario, NY, USA), as well as filters suitable for selectively detecting the green, red, and blue fluorescence. For each comparative experiment, all images were acquired with identical settings for detector gain and capture time under a 10× objective (0.5 numerical aperture at 2048 × 2048 pixel resolution) or 20× objective (0.3 numerical aperture at 1024 × 1024 pixel resolution). Some IHC images were captured using a Nikon C1 digital eclipse confocal microscope (Nikon). For double-label colocalization, images from the same section but showing different antigen signals were overlaid.

###### 

Primary antibodies and IgG controls used in this study.

![](10.1177_1744806920925425-table1)

  Ab^[a](#table-fn1-1744806920925425){ref-type="table-fn"}^   Host                Supplier/Cat\#/RRID ID^[b](#table-fn2-1744806920925425){ref-type="table-fn"}^   Dilution
  ----------------------------------------------------------- ------------------- ------------------------------------------------------------------------------- --------------------------
  TRPA1                                                       Rabbit polyclonal   Alomone/ACC-037/AB2040232                                                       1:200 (IHC), 1:800 (Wb)
  Tubb3                                                       Mouse monoclonal    SCB/sc80016                                                                     1:200 (IHC), 1:1000 (Wb)
  NKA1α                                                       Mouse monoclonal    SCB/sc48345                                                                     1:1000 (IHC and Wb)
  GFAP                                                        Rabbit polyclonal   Dako/Z0334                                                                      1:1000 (IHC and Wb)
  GFAP                                                        Mouse monoclonal    CS/3670                                                                         1:100 (IHC)
  GAPDH                                                       Mouse monoclonal    PT/2555                                                                         1:5000 (Wb)
  MBP                                                         Goat monoclonal     SCB/sc13912                                                                     1:500 (IHC)
  S100                                                        Mouse monoclonal    TF/MS296P1                                                                      1:800 (IHC)
  CK14                                                        Mouse monoclonal    SCB/sc53253                                                                     1:200 (IHC)
  IgG                                                         Mouse               TF/31903                                                                        1:100∼400
  IgG                                                         Goat                TF/31245                                                                        1:500
  IgG                                                         Rabbit              TF/MA5-16384                                                                    1:200∼1000

^a^Antibody abbreviations: TRPA1: transient receptor potential cation channel subfamily A member 1; Tubb3: β3-tubulin; NKA1α: sodium/potassium ATPase 1 alpha; GFAP: glial fibrillary acidic protein; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; MBP: myelin basic protein; S100, S-100 calcium-binding protein; CK14: cytokeratin-14; IgG: immunoglobulin G; IHC: immunohistochemistry.

^b^Alomone: Alomone Labs, Jerusalem, Israel; SCB: Santa Cruz Biotechnology, Santa Cruz, CA; Dako: Carpinteria, CA; CS: Cell Signaling Technology, Danvers, MA; PT: Proteintech, Rosemont, IL; TF: ThermoFisher, Waltham, MA.

Intensity correlation analysis (ICA) was performed to determine colocalization of TRPA1 with neuronal plasma membrane (PM) marker sodium/potassium-ATPase 1α (NKA1α) and SGC marker glial fibrillary acidic protein (GFAP) as previously described using ImageJ 1.46r software plugin (<http://imagej.nih.gov/ij>).^[@bibr15-1744806920925425],[@bibr43-1744806920925425]^ Briefly, fluorescence intensity was quantified in matched regions of interest (the green and red colors varied in close synchrony) for each pair of images. Mean background was determined from areas outside the section regions and was subtracted from each file. On the basis of the algorithm, in an image where the intensities vary together, the product of the differences from the mean (PDM) will be positive, which shows as skewing to right when this relationship is plotted, and represents colocalization of the two antigens. If the pixel intensities vary asynchronously (the channels are segregated, indicating absence of costaining), then most of the PDM will be negative. The intensity correlation quotient (ICQ) is based on the nonparametric sign-test analysis of the PDM values and is equal to the ratio of the number of positive PDM values to the total number of pixel values. The ICQ values are distributed between --0.5 and +0.5 by subtracting 0.5 from this ratio. In random staining, the ICQ approximates 0. In segregated staining, ICQ is less than 0, while for dependent staining, ICQ is greater than 0.^[@bibr15-1744806920925425],[@bibr43-1744806920925425]^

DRG dissociated cell culture and neuron-free SGC culture {#sec7-1744806920925425}
--------------------------------------------------------

The L4/5 DRG were rapidly harvested from the isoflurane-anesthetized animals and were incubated in 0.01% blendzyme 2 (Roche Diagnostics, Madison, WI, USA) for 30 min followed by incubation in 0.25% trypsin and 0.125% DNase for 30 min, both dissolved in Dulbecco's modified Eagle medium/F12 with glutaMAX (ThermoFisher). After exposure to 0.1% trypsin inhibitor and centrifugation, the pellet was gently triturated in culture medium containing neural basal media A (ThermoFisher) plus 0.5 µM glutamine. A time-differential attachment protocol for astrocyte isolation was adapted to establish neuron-free SGC culture.^[@bibr44-1744806920925425]^ Initially, the dissociated DRG cells were plated on culture dishes for 4 hr for SGC attachment, and then neurons that grow loosely attached to the top of mixed cultures were separated by hand-shaking of the culture flasks gently for 5 to 10 min or at 100 r/min on a gyratory shaker, followed by replacing with new cultural medium. The attached glial cells were cultured in the medium containing 10% fetal bovine serum to promote cell division while inhibiting differentiation thereby increasing cell numbers. To initiate SGC differentiation after 2 to 6 days in vitro (DIV), the cultures were switched to a serum-free neural basal medium A.

Immunocytochemistry (ICC) of TRPA1 expression was performed on the cultures dissociated from rats and mice as described previously.^[@bibr30-1744806920925425]^ Dissociated DRG cells cultured for 5 hr and the neuron-free SGC culture were fixed in 2% paraformaldehyde for 10 min. Fixed cells were processed for immunolabeling with a rabbit TRPA1 (1:200) and a rabbit GFAP (1:1000) or a mouse Tubb3 (1:2000) antibodies at 4°C for overnight, followed by the appropriate fluorophore-conjugated secondary antibodies. After immunostaining and washing, the coverslips were mounted onto glass slides for microscopic observation as above. To construct profile size distribution histograms of neurons and SGCs 5 hr after establishment of DRG-dissociated culture, double-labeling ICC was performed using TRPA1 with pan-neuronal marker Tubb3 or SGC-marker GFAP; the diameter and area of marker-labeled cells for which nuclei were evident was measured using Adobe Photoshop CS6 (Adobe Systems Incorporated, San Jose, CA, USA). Neurons were divided into three size groups (rat): small (\<700 µm^2^), medium (700--1500 µm^2^), and (\>1500 µm^2^) neurons as described previously.^[@bibr42-1744806920925425],[@bibr45-1744806920925425]^

Microfluorimetric Ca^2+^ imaging {#sec8-1744806920925425}
--------------------------------

Determination of intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) was performed using Fura-2-based microfluorimetry and imaging analysis as previously described,^[@bibr46-1744806920925425]^ with some minor modifications. Growth factors were not added to the media because adult DRG neurons do not require growth factors for survival.^[@bibr47-1744806920925425]^ Dissociated cells were plated onto 5% laminin-coated glass coverslips (ThermoFisher) and maintained at 37°C in humidified 95% air and 5% CO~2~ for 3 hr and were studied by Ca^2+^ imaging no later than 6 hr after harvest. Unless otherwise specified, the agents were obtained from Sigma-Aldrich. For these experiments, neurons were categorized as either large (\>45 µm diameter) or small/medium (≤45 µm). For these experiments, SGCs and small/medium neurons, which include the nociceptor category, were evaluated for responses to the TRPA1-selective agonist allyl isothiocyanate (AITC).

For measurement of \[Ca^2+^\]~i~, dissociated DRG cells cultured on coverslips were loaded with Fura-2-AM (5 µM, ThermoFisher) and maintained in 25°C Tyrode's solution containing (in mM): NaCl 140, KCl 4, CaCl~2~ 2, glucose 10, MgCl~2~ 2, and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 10, with an osmolarity of 297 to 300 mOsm and pH 7.4. After 30 min, they were washed three times with regular Tyrode's solution and left in a dark environment for de-esterification for 30 min and then mounted onto the recording chamber. In some experiments, a nominally Ca^2+^-free bath solution was used that contained the following (in mM): NaCl 140, KCl 4, glucose 10, MgCl~2~ 2, HEPES 10, and Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) 0.2, producing a calculated Ca^2+^ of \<1 nM. The 0.5 ml recording chamber was constantly superfused by a gravity-driven bath flow at a rate of 3 ml/min. Agents were delivered by directed microperfusion controlled by a computerized valve system through a 500-µm-diameter hollow quartz fiber 300 µm upstream from the chamber. This flow completely displaced the bath solution, and constant flow was maintained by delivery of bath solution when specific agents were not being administered. Solution changes were achieved within 200 ms. The fluorophore was excited alternately with 340 nm and 380 nm wavelength illumination (150 W xenon, Lambda DG-4; Sutter), and images were acquired at 510 nm using a cooled 12 bit digital camera (Coolsnap fx; Photometrics, Tucson, AZ, USA) and inverted microscope (Diaphot 200; Nikon) through a 20× or 40× Fluor oil-immersion objective. \[Ca^2+^\]~i~ was evaluated as the ratio of emission in response to excitation at 340 and 380 nm, expressed as the 340/380 nm fluorescence emission ratio (R~340/380~) that is directly correlated to the amount of intracellular calcium.^[@bibr46-1744806920925425]^ A ≥30% increase in R~340/380~ from baseline after superfusion with AITC was considered a positive response^[@bibr48-1744806920925425]^ for both neurons and SGCs. Response of neurons to 50 mM KCl solution at the end of each protocol was used as a criterion for identifying viable neurons, and similarly for the response of SGCs to 10 µM ATP. PM Ca^2+^-ATPase influence was eliminated by applying Tyrode's with pH 8.8 during depolarization, while stable cytoplasmic \[Ca^2+^\]~c~ was maintained by simultaneously reducing bath Ca^2+^ concentration to 0.25 mM.^[@bibr49-1744806920925425]^

Immunoblots {#sec9-1744806920925425}
-----------

The lysates from DRG tissues and cultured cells were extracted using 1× radioimmunoprecipitation assay buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, with 0.1% Triton X100 and protease inhibitor cocktail). To examine the subcellular localization of TRPA1, DRG tissues were fractionated to obtain PM fractions enriched in NKA1α, and cytosol fractions lacking NKA1α, using the ProteoExtract Subcellular Proteome Extraction Kit (ThermoFisher), which contains extraction buffers with ultrapure chemicals to ensure high reproducibility, protease inhibitor cocktail to prevent protein degradation, and benzonase nuclease to remove contaminating nucleic acids, according to the manufacturer's instructions. Protein concentration was determined by using the Pierce BCA kit (ThermoFisher). Equivalent protein samples were size separated using 4% to 20% or 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (Bio-Rad Laboratories, Des Plaines, IL, USA), transferred to 0.22 µm polyvinylidene difluoride membranes, and blocked for 1 hr in 5% skim milk. The blots were cut into high (\>70 KDa), medium (50--70 KDa), and low (\>50 KDa) protein-size strips or two halves along protein size around 70 KDa^[@bibr50-1744806920925425]^ and then subsequently incubated overnight at 4°C with a rabbit anti-TRPA1 (1:400, 100∼130 KDa), a mouse monoclonal anti-NKA1α (1:1000, ∼100 KDa), a mouse monoclonal anti-tubb3 (1:1000, ∼55 KDa), and a mouse monoclonal anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:5000, ∼37 KDa). To verify the band specificity of TRPA1 detection using a rabbit TRPA1 antibody, the antibody solution was preincubated with the specific TRPA1 antigenic peptides (5 µg/ml, Alomone) for 2 hr prior to immunoblotting. Immunoreactive proteins were detected by Pierce enhanced chemiluminescence (ThermoFisher) on a ChemiDoc Imaging System (Bio-Rad) after incubation for 1 hr with horseradish peroxidase-conjugated second antibodies (1:5000, Bio-Rad). Densitometry of bands of interest was analyzed using ImageJ v.1.46. Ratios of the band density of the target protein to the sum of housekeeping genes (Tubb3 or GAPDH) and NKA1α band density were calculated and the percentage changes of target protein in the experimental samples compared with those from the control samples.^[@bibr51-1744806920925425],[@bibr52-1744806920925425]^

Reverse transcription polymerase chain reaction {#sec10-1744806920925425}
-----------------------------------------------

Total RNA was extracted from DRG tissue and purified neuron-free SGCs cultured 4 DIV using RNAeasy kit (Qiagen, Carlsbad, CA, USA) and then treated with DNase I (Life Technologies). Complementary DNA (cDNA) was synthesized from 1.0 µg RNA using the Superscript III first strand synthesis kit with random hexamer primers (Life Technologies). Polymerase chain reaction (PCR) was carried out on a Bio-Rad C1000 PCR Machine and specific intron-spanning primers from rat TRPA1 (forward 5′-ATGGCACCCCTTCACATAGC-3′ and reverse 5′-GGCCATGCATTTGGCATTCT-3′). The thermal cycling conditions were one cycle at 95°C for 3 min, 40 cycles at 95°C for 10 s, 60°C for 30 s, and 68°C for 1 min, followed by one cycle at 72°C for 5 min. This generated a single band (437 bp) for the rat TRPA1. PCR products were gel extracted and sequence analyzed by Retrogen (San Diego, CA, USA).

Statistics {#sec11-1744806920925425}
----------

Statistical analysis was performed with GraphPad PRISM 6 (GraphPad Software, San Diego, CA, USA). Behavioral changes over baseline and between groups for von Frey and heat measurements were generated using repeated measures two-way analysis of variance (ANOVA) and post hoc analysis with Bonferroni test. Pin test results in discrete numerical data without normal distribution, so conservative nonparametric analysis was performed by Friedman's test for ANOVA and Dunn's test for post hoc analysis. The differences of the targeted gene expression by immunoblots and calcium imaging analysis were compared with one-way ANOVA, two-tailed unpaired *t*-test, or Mann--Whitney test, where appropriate. Results are reported as mean and standard deviation of mean. Significances of ICQs of TRPA1 immunocolocalization with NKA and GFAP were analyzed by means of the normal approximation of the nonparametric Wilcoxon rank test (sign test), as described previously.^[@bibr43-1744806920925425],[@bibr52-1744806920925425]^ The value *p *\<* *0.05 was considered statistically significant.

Results {#sec12-1744806920925425}
=======

TRPA1 is expressed in primary sensory neurons, SGCs, and SCs in the adult rat {#sec13-1744806920925425}
-----------------------------------------------------------------------------

Various anti-TRPA1 antibodies have been used to detect TRPA1 expression by IHC and immunoblot. In this study, we chose a rabbit extracellular TRPA1 antibody for several reasons: (1) this antibody has been well characterized by the vendor, demonstrating a high specificity against an epitope (NSTGIINETSDHSE) corresponding to amino acid residues 747 to 760 in the first extracellular loop of TRPA1 ([Figure 1a](#fig1-1744806920925425){ref-type="fig"}); (2) the specificity has been verified in TRPA1 knockout tissue;^[@bibr38-1744806920925425]^ and (3) it consistently detects TRPA1 expression by IHC or immunoblot from DRGs and from nonneuronal tissues.^[@bibr19-1744806920925425],[@bibr36-1744806920925425][@bibr37-1744806920925425]--[@bibr38-1744806920925425],[@bibr40-1744806920925425],[@bibr53-1744806920925425][@bibr54-1744806920925425][@bibr55-1744806920925425][@bibr56-1744806920925425][@bibr57-1744806920925425][@bibr58-1744806920925425][@bibr59-1744806920925425][@bibr60-1744806920925425][@bibr61-1744806920925425][@bibr62-1744806920925425]--[@bibr63-1744806920925425]^ We also tested the specificity of this antibody in the detection of TRPA1 expression. By immunoblot, the antibody revealed a clean band at ∼120 KDa as the target protein in the homogenates of the DRGs from adult rats, and preincubation with excess immunogenic peptide completely eliminated the band ([Figure 1b](#fig1-1744806920925425){ref-type="fig"}). An additional band at ∼50 KDa was occasionally detected, which probably resulted from the proteolytic cleavage of the target protein either naturally or generated during sample preparation, since it can be blocked by immunogenic peptide preabsorption and is not always present (e.g. see Figure S1). TRPA1 immunoreactivity (IR) displayed ring-like profiles in DRG sections, in a pattern that could represent TRPA1 immunopositivity in neuronal membrane, perineuronal SGCs, or both, and this TRPA1-IR was blocked by preincubation with excess immunogenic peptide ([Figures 1c](#fig1-1744806920925425){ref-type="fig"}, c1, d, and d1). We further verified the specificity of TRPA1 detection with this antibody by immunolabeling DRG sections and DRG dissociated cultures from TRPA1 knockout mice. These samples lacked the characteristic staining mentioned above that was present in wild-type littermates (Figure S2). These results confirm that this antibody against an extracellular epitope of TRPA1 is likely specific for detecting the target in rat DRG tissues by both IHC and immunoblot.

![Specificity evaluation of TRPA1 antibody. Schematic diagram (a) illustrates TRPA1 topology structure, with the amino acid sequence of the antigenic peptide shown at the top of the panel. Stars below asparagine (N) at the first and seventh position of the peptide indicate the potential glycosylation sites. Immunoblot revealed a clean band around ∼120 KDa of TRPA1, with an additional band around ∼50 KDa, in the homogenates of rat DRG, and preincubation with excess immunogenic peptide completely eliminated both bands (b). TRPA1 was detected by IHC in rat DRG sections as a ring profile (c), and the label was eliminated by preabsorption of the antibody with an excess of the antigenic BP (c1). Representative images of double immunostaining of TRPA1 (red) and Tubb3 (green) showed that a large proportion of TRPA1 immunoreactivity (IR) encircles Tubb3-labeled neurons (d). The area within the white square in (d) is shown at higher magnification in (d1). Scale bars: 100 µm for all.\
TRPA1: transient receptor potential cation channel subfamily A member 1; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; Tubb3: *β*3-tubulin; BP: blocking peptide.](10.1177_1744806920925425-fig1){#fig1-1744806920925425}

To identify whether the profile of TRPA1 expression encircling the neurons consists of expression in neuronal PM or surrounding SGCs, we performed double immunolabeling of TRPA1 with GFAP, a SGC signature marker, or sodium/potassium ATPase 1 alpha (NKA1α), a canonical neuronal PM marker. Double immunolabeling of GFAP with NKA1α demonstrated the specificity of GFAP labeling SGCs and NKA1α staining neuronal membrane (Figure S3). Overlaid images of TRPA1 with GFAP showed clear colocalization of two immunopositivity ([Figure 2a and b](#fig2-1744806920925425){ref-type="fig"}), and the ICA plots of TRPA1 and GFAP were strongly skewed toward positive values ([Figure 2c](#fig2-1744806920925425){ref-type="fig"}), consistent with colocalization in SGCs, and the ICQ value was positive (0.366, *p*~sign\ test~\<0.001). Overlaid images of TRPA1 with NKA1α and pixel intensity line-plot profiles of cross-sections clearly identified a portion of TRPA1 as neuronal PM localization ([Figures 2d to](#fig2-1744806920925425){ref-type="fig"} d2, e, and f). ICA plots of TRPA1 and NKA1α were strongly skewed toward positive values with the calculated ICQ value of 0.333 (*p*~sign\ test~\<0.001) ([Figure 2g](#fig2-1744806920925425){ref-type="fig"}), consistent with colocalization. These data thus suggest that at least a portion of the TRPA1 expression around the neurons is within the neuronal PM and that antibody-detected TRPA1 expression is localized to both the primary sensory neurons and the perineuronal SGCs. Neuronal and SGC expression of TRPA1 was also confirmed by ICC labeling of TRPA1 on acutely dissociated DRG cultures (5 hr) ([Figure 2h to](#fig2-1744806920925425){ref-type="fig"} h2). In the neuron-free and SGC-enriched cultures ([Figure 2i](#fig2-1744806920925425){ref-type="fig"}), ICC showed high immunopositive for TRPA1 and GFAP ([Figure 2j to](#fig2-1744806920925425){ref-type="fig"} j2). Reverse transcription polymerase chain reaction (RT-PCR)-amplified TRPA1 cDNA from SGCs were verified by sequencing analysis ([Figure 2k](#fig2-1744806920925425){ref-type="fig"}), and Western blot detected TRPA1 positivity on the lysate of these cells ([Figure 2l](#fig2-1744806920925425){ref-type="fig"}), adding further evidence for the presence of TRPA1 in SGCs.

![IHC delineation of TRPA1 localization to primary sensory neurons and SGCs. Representative montage images show immunostaining of TRPA1 (green) with SGC marker GFAP (red), showing colabeling (yellow) in the merged image (a--a2). The area within the white square in (a2) is shown at higher magnification in (b). ICA colocalization (see Materials and Methods section) of a demarked area (b, white dashed line, arrow) produces scatter plots of intensity versus PDM (c) that show strong right skewing for TRPA1 and GFAP, with an ICQ value of 0.366 (*p*~sign\ test~\<0.001), indicating immunocolocalization. Representative montage images (d--d2) show immunostaining of TRPA1 (green) and a canonical neuronal PM marker NKA1α (red), as well as colabeling (yellow). A cell profile (e--e2) analyzed for pixel intensity (f) along a cross-section (lines in e--e2) shows a clear overlap of TRPA1 (red) and NKA1α (green) on the right cell margin (right side peak), indicating TRPA1 localized in the plane of the PM (e2, arrow). Scatter plots (g) for the region enclosed by the white dashed line (arrow in panel e2) show strong right skewing for NKA1α and TRPA1 resulting an ICQ of 0.333 (*p*~sign\ test~\<0.001), indicating immunocolocalization. ICC on primary cultures 5 hr after DRG dissociation (h--h2, arrows denote neurons and arrowheads point to SGCs) show neuronal and SGC TRPA1 immunopositivity with a profile of membrane localization. Neuron-free primary SGC culture established 18 hr after dissociation (i) shows a majority of cells fully differentiated and positive for TRPA1 and GFAP by ICC (j--j2), and TRPA1 was detected by RT-PCR (k) and immunoblot in the lysate of these cells (l). Scale bars: 50 μm for all.\
TRPA1: transient receptor potential cation channel subfamily A member 1; GFAP: glial fibrillary acidic protein; PDM: product of the differences from the mean; ICQ: intensity correlation quotient; NKA1α: sodium/potassium ATPase 1 alpha; DRG: dorsal root ganglia; SGC: satellite glial cell; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.](10.1177_1744806920925425-fig2){#fig2-1744806920925425}

TRPA1 has been reported to be expressed by the SCs.^[@bibr23-1744806920925425]^ Our double-labeling data showed a high degree of colabeling with antibodies for TRPA1 and S100 (a marker positive for both SGCs as well as myelinating and nonmyelinating SCs) in the perisomatic SGCs of DRG sections ([Figure 3a](#fig3-1744806920925425){ref-type="fig"}), and in the SCs of sciatic nerve sections ([Figure 3b to](#fig3-1744806920925425){ref-type="fig"} b2), but no TRPA1 costaining with myelin basic protein (MBP) ([Figure 3c, 3d to](#fig3-1744806920925425){ref-type="fig"} d2), which is a major constituent of periaxonal myelin laminae and a myelinating SC marker.^[@bibr64-1744806920925425]^ These results indicate that TRPA1 is expressed in the nonmyelinating SCs that also are a component of the perineuronal glial cell population and that comprise the majority of the nucleated cells in the peripheral nerve truck.^[@bibr65-1744806920925425]^ Additionally, consistent with a previous report,^[@bibr66-1744806920925425]^ we also detected TRPA1-IR in the various cutaneous primary afferent terminal structures in the rat hindpaw skin sections ([Figure 3e to j](#fig3-1744806920925425){ref-type="fig"}).

![IHC delineation of TRPA1 expression in Schwann cells (SCs) and skin afferent terminals. Representative image (a) shows double labeling of TRPA1 (red) with S100 (green), a nonmyelinating SC marker, in DRG section, delineating colocalized TRPA1 and S100 immunopositivity in perineuronal glial cells and nerve fibers within the section. Representative sciatic nerve montage images of TRPA1 immunostaining (b) with S100 (b1) show high colocalization (b2), but minimal colocalization of TRPA1 with MBP, a marker of myelinating SCs, was evident in DRG section (c) and sciatic nerves (d--d2). (Weak staining of S100 in neuronal somata is also observed, likely representing nonspecific reaction.) Representative images of hindpaw glabrous skin sections (e--h) show TRPA1 IHC (green), costained with a CK14 antibody that selectively labels the epidermal stratum basal layer (red) for identifying the epidermis (ep) and dermis (de); empty and filled arrowheads identify structures in epidermis and dermis, respectively. TRPA1 immunopositivity is identified in various cutaneous primary afferent terminal structures (e, e1), suggestive of epidermal and dermal terminal neuronal fibers (f--f2), intraepidermal Merkel cells within the basal layer of the epidermis and their fibers (g--g2), and Meissner's corpuscles in the dermal papillae bulge area of hindpaw glabrous skin (h--h2). TRPA1-IR costained with S100 was also observed in the lanceolate endings (i--i2 and j--j2, arrowheads) in palisades around hair follicle of hindpaw dorsal hairy skin. Scale bars: 100 μm for all.\
DRG: dorsal root ganglia; TRPA1: transient receptor potential cation channel subfamily A member 1; MBP: myelin basic protein; CK14: cytokeratin-14.](10.1177_1744806920925425-fig3){#fig3-1744806920925425}

SGCs possess functional TRPA1 {#sec14-1744806920925425}
-----------------------------

Imaging the response of \[Ca^2+^\]~i~ to TRPA1 activation is a useful approach for determining functional expression of TRP receptors.^[@bibr47-1744806920925425],[@bibr67-1744806920925425]^ In order to distinguish neurons and SGCs, we first sought to determine if small soma size could be used as a proxy to identify SGCs as distinct from neurons in cultures of acutely dissociated DRG cells. Accordingly, we characterized the size frequency distribution of immunolabeled Tubb3^+^-neurons and GFAP^+^-SGCs at 5 to 6 hr after establishment of cells dissociated from L4 and L5 DRG obtained from 8 naïve rats at 6 to 8 weeks old. Results ([Figure 4a and b](#fig4-1744806920925425){ref-type="fig"}) showed that the large majority (\>95%) of neuron somata in cultures are small and medium in size with average diameter around 20 to 32 µm and that no neuron was smaller than 15 µm diameter (area 110 µm^2^). The large majority (\>95%) of nonneuronal cells (SGCs and SCs) in the cultures (size \<15 µm) were GFAP positive, identifying them as SGCs (including nonmyelinating SCs). The size range of this population is from 5 to 15 µm diameter (10∼110 µm^2^). Colabeling of TRPA1 with a pan-neuronal marker Tubb3 or SGC marker GFAP verified correct identification of neurons versus glial cells ([Figure 4c to e](#fig4-1744806920925425){ref-type="fig"}). Thus, there was minimal overlap of neurons (\<110 µm^2^) with GFAP^+^-SGCs (\>110 µm^2^) in the dissociated cultures in our experiment, which allowed subsequent identification of neurons and SGCs by somatic size alone.

![Size frequency distribution of neurons and SGCs in acute DRG dissociated culture. Histograms show the frequencies of somata sizes of tubb3-positive neurons (a, *n*=342) and GFAP-positive SGCs (b, *n*=1734) 5 hr after lumbar DRG dissociation. ICC shows immunopositivity for TRPA1 (c--c3), double immunolabeling with the GFAP (d--d3) that stains SGCs as well as nonmyelinating Schwann cells, and double immunolabeling with the pan-neuronal marker Tubb3 (e--e3). The filled and empty arrowheads identify neurons and SGCs, respectively. Scale bars are 50 μm for all images.\
GFAP: glial fibrillary acidic protein; Tubb3: β3-tubulin; TRPA1: transient receptor potential cation channel subfamily A member 1.](10.1177_1744806920925425-fig4){#fig4-1744806920925425}

To activate TRPA1, we used AITC, a commonly used selective agonist. A ≥30% increase in R~340/380~ over baseline (i.e. ΔR~340/380~) during AITC superfusion (100 µM, 1 min) was observed in both neurons and SGCs, although AITC-evoked \[Ca^2+^\]~i~ rise in SGCs is much smaller than the response in neurons ([Figure 5a to e](#fig5-1744806920925425){ref-type="fig"}). The magnitude of ΔR~340/380~ in neurons upon 100 µM AITC application showed 2.407 ± 0.45 fold higher over baseline, while SGCs were 0.87 ± 0.12 fold higher over baseline. We note that cultured SGCs are minimally responsive to KCl ([Figure 5d](#fig5-1744806920925425){ref-type="fig"}). The concentration--response curves of AITC-evoked increases of \[Ca^2+^\]~i~ generated by nonlinear regression of ΔR~340/380~ across a range of AITC concentrations (1 to 500 µM) in neurons and SGCs dissociated from L4/L5 DRG of naïve rats showed similar concentration-dependent responses in both cell types ([Figure 5f](#fig5-1744806920925425){ref-type="fig"}). The half maximal effective concentrations (EC50) for AITC were comparable (33.18 µM for neurons and 36.24 µM for SGCs). SGCs showed more responders than neurons to AITC at low dose range ([Figure 5g](#fig5-1744806920925425){ref-type="fig"}). Using 100 µM AITC, 78% (70/90) of total neurons recorded responded to stimulation. Smaller-sized neurons showed higher rate and magnitude of response to 100 µM AITC (Figure S4), as previously reported.^[@bibr47-1744806920925425]^ For SGCs, 72% (228/317) of totally recorded SGCs responded to 100 µM AITC. We separately analyzed responses of SGCs according to whether the SGCs remained attached to neurons or were independent of neurons, which showed that attached SGCs developed greater responses to AITC than those that were entirely isolated ([Figure 5h, i](#fig5-1744806920925425){ref-type="fig"}), although we cannot distinguish whether this is due to an optical contribution from the neurons to which the recorded SGCs was attached, versus a neuron-SGC interaction that results in an amplified Ca^2+^ response, such as a Ca^2+^ wave propagating from the neuron to neighboring cells.^[@bibr68-1744806920925425],[@bibr69-1744806920925425]^ Finally, the Ca^2+^ response evoked in both neurons and SGCs by 100 µM AITC stimulation was completely blocked by the selective TRPA1 antagonist HC-030031 ([Figure 5j and k](#fig5-1744806920925425){ref-type="fig"}), supporting the specific dependence of these \[Ca^2+^\]~i~ events upon TRPA1.

![AITC-evoked calcium transients in neurons and SGCs of DRG dissociated cultures. Representative fluorescent and phase images show cultured sensory neurons and glial cells loaded with Fura-2/AM, with numbers aside the examples of neurons and SGCs encircled by red dashed lines (a, b). Scale bar, 40 μm. The \[Ca^2+^\]~i~ rise over baseline after 1 min superfusion of AITC (100 μM), sequentially challenged with ATP (10 μM) and KCl (50 mM) in normal Ca^2+^ conditions, was measured in the representative neurons (c) and SGCs (d) encircled in panel (a). The averaged traces of neurons and SGCs recorded evoked by 100 μM AITC were compared between neurons and SGCs (e). Concentration--response curves of AITC-evoked increases of \[Ca^2+^\]~i~ (f) and the response rates for neurons and SGCs (g) are shown. The dots in panel (f) represent mean values of percentage of \[Ca^2+^\]~i~ at each dose normalized to maximal response of 500 μM AITC (empty dots are neurons; black dot are SGCs). The EC50 of neuron and SGC to AITC activation is indicated. The numbers on each bar of panel (g) represent the responders versus total cells adhesive and recorded at different AITC concentration. AITC-evoked \[Ca^2+^\]~i~ increases in the attached SGCs were significantly higher than the detached SGCs (h and i, the numbers in each bar denotes the cells recorded. \*\**p*\<0.01 and \*\*\**p*\<0.001, one-way ANOVA, Tukey post hoc analysis). Dimethyl sulfoxide (0.1%, the solvent used to dissolve AITC) had no effect on \[Ca^2+^\]~i~ (j). The AITC-evoked \[Ca^2+^\]~i~ increase was completely blocked by the TRPA1 antagonist HC-030031 (100 µM) in both neurons and SGCs (attached and detached combined for this analysis) (k). Increase in \[Ca^2+^\]~i~ by AITC (100 µM) persisted in Ca^2+^-free conditions (l, m, \*\*\**p*\<0.001, two-tailed unpaired Student's *t*-tests). No significant difference was observed for the isolated SGCs from naïve DRG in response to AITC (100 μM) between 5 hr and18 hr (n), which show similar responses to AITC (100 μM) of SGCs to those exposed to AITC (100 μM) in the presence of neurons.\
AITC: allyl isothiocyanate; SGC: satellite glial cell; EC50: half maximal effective concentration; DMSO: dimethyl sulfoxide.](10.1177_1744806920925425-fig5){#fig5-1744806920925425}

Because both Ca^2+^ influx and internal Ca^2+^ release could contribute to the \[Ca^2+^\]~i~ transients elicited by TRPA1 activation,^[@bibr46-1744806920925425],[@bibr70-1744806920925425]^ we next investigated to what extent Ca^2+^ release from internal stores contributed to the response to TRPA1 by measuring \[Ca^2+^\]~i~ during TRPA1 activation in nominally Ca^2+^-free extracellular solution (calculated \[Ca^2+^\] \<1 nM). Response to 100 µM AITC under these conditions resulted in a diminished Ca^2+^ response in both neurons and SGCs ([Figure 5l](#fig5-1744806920925425){ref-type="fig"}), which recovered rapidly on restoration of bath Ca^2+^ to normal condition.^[@bibr46-1744806920925425]^ These data show that release of Ca^2+^ from internal stores accounts for approximately 30% to 40% of the overall \[Ca^2+^\]~i~ increase upon TRPA1 channel activation using 100 µM AITC in both neurons and SGCs ([Figure 5m](#fig5-1744806920925425){ref-type="fig"}), although this may also include a component from activation of voltage-gated Ca^2+^ channels. To test the possibility that neuron-to-SGC communication might account for these responses of SGC to AITC application, we applied AITC to neuron-free selective cultures of SGCs within 5 hr and 18 hr of dissociation from DRG. This showed similar responses of SGCs isolated within 5 hr and 18 hr to those exposed to AITC in the presence of neurons ([Figure 5n](#fig5-1744806920925425){ref-type="fig"}), indicating a direct action of AITC on SGCs.

We have previously observed that sensory neurons from rats and mice differ in their response to TRPA1 activation, with a higher percentage of responders among mouse neurons but greater amplitude of responses in rat neurons.^[@bibr67-1744806920925425]^ We therefore additionally measured AITC-induced \[Ca^2+^\]~i~ rise in mouse DRG dissociated cultures. As previously reported,^[@bibr47-1744806920925425]^ the AITC-induced \[Ca^2+^\]~i~ rise was absent in *TRPA1^--/--^* mice ([Figure 6a to c](#fig6-1744806920925425){ref-type="fig"}), which confirms the specificity of AITC for TRPA1. A greater amplitude of \[Ca^2+^\]~i~ response in rats compared to wild-type mice also duplicates prior findings.^[@bibr67-1744806920925425]^ We now show that this difference extends to SGCs, in which response to AITC stimulation in mouse SGCs is less than that observed in rat SGCs ([Figure 6d to f](#fig6-1744806920925425){ref-type="fig"}). This likely reflects a species difference in TRPA1 channel expression and function between rat and mouse DRG cells.^[@bibr47-1744806920925425],[@bibr71-1744806920925425],[@bibr72-1744806920925425]^

![Species difference of SGC-TRPA1 derived calcium transients between rat and mouse. Both neurons (a) and SGCs (b) show increased \[Ca^2+^\]~i~ during AITC (100 µM) superfusion in *TRPA1*^+/^*^+^* mouse DRG culture, but there was no \[Ca^2+^\]~i~ response in the neurons (a) nor SGCs (b) from *TRPA1*^--/--^, as summarized in (c) (*n*=4 animals for both genotypes). AITC-evoked \[Ca^2+^\]~i~ responses in *TRPA1*^+/^*^+^* mouse neurons and SGCs are smaller than those recorded from rat cells (d--f). Note that mouse traces in (d) and (e) are the same data as the *TRPA^+/+^* traces in (a) and (b). \**p*\<0.05, \*\**p*\<0.01, and \*\*\**p*\<0.001 (unpaired, two-tailed Student's *t*-test).\
AITC: allyl isothiocyanate; SGC: satellite glial cell; TRPA1: transient receptor potential cation channel subfamily A member 1; WT: wild type; KO: knockout.](10.1177_1744806920925425-fig6){#fig6-1744806920925425}

Taken together, our experimental results demonstrate that TRPA1 is functionally present in both DRG neurons and SGCs of rats and wild-type mice and that TRPA1 activation increases \[Ca^2+^\]~i~ both by Ca^2+^ influx through the plasmalemma as well as by release of stored Ca^2+^.

Painful peripheral inflammation and nerve injury increase TRPA1 membrane content in DRGs and elevate response to TRPA1 activation in neurons and SGCs {#sec15-1744806920925425}
-----------------------------------------------------------------------------------------------------------------------------------------------------

We next asked whether painful conditions alter TRPA1 expression and function in sensory neurons and SGCs. We first analyzed and compared total TRPA1 protein levels in homogenates from DRG injected with saline or CFA. To evaluate the protein expression level of TRPA1 located in the DRG and intracellular trafficking alteration affected by the pain pathology, we separately examined TRPA1 protein levels in the NKA1α-enriched membrane fraction versus the NKA1α-deficient soluble fraction, hereafter referred to as PM and cytosolic fractions, respectively. These were extracted from the lumbar L4/L5 DRGs followed by semiquantitative immunoblotting of TRPA1 in these fractions. We additionally assessed whether CFA inflammatory pain and SNI-induced neuropathic pain modify intracellular responses to AITC in DRG neurons and SGCs of adult rats.

Inflammatory pain was induced in adult rats at six-week old age by intraplantar injection of CFA in the right hindpaw, which produced marked circumferential edema and redness of injected hindpaw,^[@bibr73-1744806920925425]^ reduced the threshold for withdrawal from mild (von Frey) and noxious (Pin) mechanical stimuli, and increased sensitivity to heat, when compared with animals receiving only saline injection ([Figure 7a to c](#fig7-1744806920925425){ref-type="fig"}). Signs of inflammation lasted throughout the 10-day testing duration. Immunoblot results from tissues collected 10 days after CFA injection showed that the total DRG homogenate TRPA1 was significantly increased compared to control (saline) ([Figure 7d and e](#fig7-1744806920925425){ref-type="fig"}). Further analyses showed that TRPA1 was found in both PM and cytosolic fractions and that TRPA1 level in PM fractions from the DRG ipsilateral to CFA injection was significantly higher than in contralateral DRG ([Figure 7f and g](#fig7-1744806920925425){ref-type="fig"}). We have also performed TRPA1 and GFAP colabeling on the ipsilateral L5 DRG sections from saline and CFA animals, and result showed an increased profile of TRPA1 expression in both neurons and GFAP-positive glial cells which are proliferated following CFA, compared to control (Figure S5). Functional assessment (application of AITC, 100 µM) of the dissociated cultures from DRGs ipsilateral to CFA injection showed greater amplitude of \[Ca^2+^\]~i~ responses to AITC in both DRG neurons ([Figure 7h](#fig7-1744806920925425){ref-type="fig"}) and SGCs (both those attached to neurons and those alone, [Figure 7i](#fig7-1744806920925425){ref-type="fig"}), compared to cells from saline injected DRG ([Figure 7j](#fig7-1744806920925425){ref-type="fig"}).

![TRPA1 expression and activation in CFA-induced inflammatory pain. CFA rats developed mechanical allodynia (von Frey, a), hyperalgesia (Pin, b), and heat (c) hypersensitivity. ^\#^*p*\< 0.05, ^\#\#^*p*\<0.01, and ^\#\#\#^*p*\<0.001 for comparison to baseline (BL) and \**p*\<0.05, \*\* *p*\<0.01, and \*\*\**p*\<0.001 for comparison between groups after CFA, respectively (repeated measures two-way ANOVA and Bonferroni post hoc tests for von Frey and heat, as well as nonparametric analyses by Friedman's test with Dunn's post hoc for Pin). Western blots show increased TRPA1 protein in L4 and L5 DRG homogenates of CFA, compared to saline (d), with bar charts (e) for densitometry analysis (\*\*\**p*\<0.001, one-way ANOVA, Tuckey post hoc analysis. The number in each bar is the number of DRG per group). The NKA1α-deficient cytosolic fraction and NKA1α-enriched PM fraction were extracted from the DRG tissues at 10 days after CFA or vehicle injection and subjected to immunoblotting as shown in the representative immunoblots of TRPA1, NKA1α, and Tubb3 of cytosol (f, left panels) and PM fractions (f, right panels), respectively. Bar charts (g) show densitometry analysis of immunoblots (\*\**p*\<0.001, unpaired, two-tailed Student's *t*-test). The number in each bar is the number of analyzed DRGs per group. The \[Ca^2+^\]~i~ response to AITC (100 µM) in both neurons (h) and SGCs (i) from CFA rats (*n*=4) was increased in magnitude and decay decreased compared to control cells. Bar chart (j) shows AITC-evoked peak values in neurons, as well as attached SGCs and detached SGCs (\**p*\<0.05 and \*\*\**p*\<0.001, unpaired, two-tailed Student's *t*-test).\
CFA: complete Freund's adjuvant; TRPA1: transient receptor potential cation channel subfamily A member 1; PM: plasma membrane; NKA: sodium/potassium ATPase; AITC: allyl isothiocyanate; SGC: satellite glial cell; GAPDH: glyceraldehyde 3-phosphate dehydrogenase.](10.1177_1744806920925425-fig7){#fig7-1744806920925425}

Following nerve injury by SNI in rats operated on at six weeks of age, sensory testing revealed the expected pain behavior that included reduced threshold for withdrawal from von Frey testing representing mechanical allodynia, mechanical hyperalgesia during Pin testing, and increased sensitivity to heat stimulation ([Figure 8a to c](#fig8-1744806920925425){ref-type="fig"}). These changes lasted throughout the four weeks testing interval. Immunoblot analysis of TRPA1 levels using DRG harvested four weeks after SNI revealed TRPA1 detection in both fractionized PM and cytosolic fractions. In the DRG ipsilateral to the nerve injury, the TRPA1 protein levels were significantly decreased in the cytosolic fractions but increased in the PM fractions, normalized to the corresponding fractions from contralateral L4/L5 DRG ([Figure 8d and e](#fig8-1744806920925425){ref-type="fig"}). As with DRG proximal to CFA injection, both neurons and SGCs dissociated from DRG proximal to SNI showed increased Ca^2+^ response to TRPA1 stimulation, displaying increased \[Ca^2+^\]~i~ and slower recovery evoked by AITC (100 µM), compared to the control cells prepared from the sham-operated DRG ([Figure 8f to h](#fig8-1744806920925425){ref-type="fig"}).

![TRPA1 expression and activation in SNI-induced neuropathic pain. Rats with SNI developed mechanical allodynia (von Frey, a), hyperalgesia (Pin, b), and heat (c) hypersensitivity. ^\#^*p*\< 0.05, ^\#\#^*p*\<0.01, and ^\#\#\#^*p*\<0.001 for comparison to baseline (BL) and \**p*\<0.05, \*\**p*\<0.01, and \*\*\**p*\<0.001 for comparison between groups after SNI, respectively (repeated measures two-way ANOVA and Bonferroni post hoc tests for von Frey and heat, and nonparametric analyses by Friedman's test with Dunn's post hoc for Pin). The NKA1α-eliminated cytosol and NKA1α-enriched PM protein fractions were extracted from the DRG tissues at 28 days after SNI and control samples and subjected to immunoblotting as shown in the representative immunoblots of TRPA1, NKA1α, and Tubb3 of cytosol (d, left panels) and PM fractions (d, right panels), respectively. Bar charts in the panel (e) are the results of densitometry analysis of immunoblots (\*\**p*\<0.001, unpaired, two-tailed Student's *t*-test). The number in each bar is the number of analyzed DRG per group. In SNI L4/L5 DRG cultures (*n*=6 animals), the \[Ca^2+^\]~i~ after 1 min AITC (100 µM) superfusion sequentially challenged with ATP (10 μM) and KCl (50 mM), in SNI DRG culture, was markedly increased and \[Ca^2+^\]~i~ decay decreased in both neurons (f) and SGCs (g), compared to the measurement in control DRG. Bar chart in the panel (h) is the results of averages of comparative quantification of AITC-evoked peak values in neurons and SGCs between SNI and controls in panels (f and g). \**p*\<0.05 and \*\*\**p*\<0.001 (unpaired, two-tailed Student's *t*-test).\
SNI: spared nerve injury; TRPA1: transient receptor potential cation channel subfamily A member 1; PM: plasma membrane; NKA1α: sodium/potassium ATPase 1 alpha; Tubb3: β3-tubulin; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; SGC: satellite glial cell; AITC: allyl isothiocyanate.](10.1177_1744806920925425-fig8){#fig8-1744806920925425}

These data together indicate that inflammatory and neuropathic painful conditions trigger increased levels of TRPA1 in the PM levels and augmented TRPA1-induced Ca^2+^ signaling in both DRG neurons and SGCs.

Discussion {#sec16-1744806920925425}
==========

Our experiments reveal several new findings. First, we show that TRPA1 expression in the peripheral nervous system (PNS) is not restricted to primary sensory neurons in the DRG but is also expressed by the SGCs that surround the neuronal somata and SCs as reported.^[@bibr22-1744806920925425],[@bibr23-1744806920925425]^ In addition, we show that TRPA1 in SGCs is functional and its activation increases SGC intracellular Ca^2+^. Finally, we have found that TRPA1 expression and function in both SGCs and neurons are enhanced in models of inflammatory pain and neuropathic pain, as indicated by augmented AITC-evoked \[Ca^2+^\]~i~ increases in the cell body and increased PM TRPA1 protein expression. These observations raise the possibility that TRPA1 in SGCs may contribute to the pathophysiology of both inflammatory and neuropathic pain.

Multiple published studies have shown TRPA1 cytoplasmic immunopositivity in the subpopulation of small- to medium-sized DRG neurons. However, as a multipass transmembrane protein that forms PM channels mediating Ca^2+^ influx, we would expect to find preferential localization of TRPA1 in the plasmalemma. Accordingly, using a well-validated extracellular loop-1 epitope TRPA1 antibody, we observe clear PM localization of TRPA1 in DRG neurons in both tissue sections and dissociated cultures. Several other reports also show that extracellular loop-1 epitope TRPA1 antibodies allow visualization of TRPA1 channels at the cell PM.^[@bibr38-1744806920925425],[@bibr56-1744806920925425],[@bibr74-1744806920925425]^ Moreover, we find that TRPA1 is also expressed by SGCs and nonmyelinating SCs. This is in accordance with recent reports that identified TRPA1 expression in SCs, where it contributes to the generation of neuropathic pain.^[@bibr22-1744806920925425],[@bibr23-1744806920925425]^ We also show function of these TRPA1 channels in SGCs dissociated from DRG by activation with the TRPA1-selective agonist AITC, which produced influx of Ca^2+^ combined with release from intracellular stores. Furthermore, this response was abolished by the TRPA1-specific antagonist HC030031 and was absent in the SGCs and neurons from *Trpa1* null mice. Together, these data help support the findings that functional TRPA1 is expressed in SGCs.

SGCs and SCs are both derived from neural crest stem cells during embryonic development.^[@bibr6-1744806920925425]^ The former ensheathe the primary sensory neurons, and the latter are divided into two types, either myelinating SCs that enwrap large-diameter axons or nonmyelinating SCs that surround the nonmyelinated C fiber nociceptors. Both of these SC types support the maintenance and regeneration of axons of the neurons in the PNS.^[@bibr4-1744806920925425],[@bibr5-1744806920925425]^ Nonmyelinating S100-positive SCs are also a composition of perineuronal glial cells.^[@bibr6-1744806920925425],[@bibr15-1744806920925425],[@bibr75-1744806920925425]^ Furthermore, recent reports indicate that SGCs may represent a population of SC precursors.^[@bibr76-1744806920925425][@bibr77-1744806920925425]--[@bibr78-1744806920925425]^ Our observations that TRPA1 is also expressed by SGCs and nonmyelinating SCs further substantiate the relationship between these populations of nonneuronal cells in the DRG.

Previous reports have demonstrated a role for activation of TRPA1 receptors in chronic pain. It is known that inflammation and nerve injury increases TRPA1 expression in DRGs determined by immunoblots and quantitative PCR^[@bibr71-1744806920925425],[@bibr79-1744806920925425][@bibr80-1744806920925425]--[@bibr81-1744806920925425]^ and that augmented nociceptive signals can induce trafficking of neuronal TRPA1 to the PM.^[@bibr56-1744806920925425],[@bibr74-1744806920925425],[@bibr82-1744806920925425],[@bibr83-1744806920925425]^ We add further evidence showing that peripheral tissue inflammation and irreversible nerve injury can induce significant increases in the magnitude of the AITC-evoked \[Ca^2+^\]~i~ transients in both SGCs as well as neurons. Although we are unable to quantitatively distinguish membrane TRPA1 levels separately in neurons and SGCs using the techniques employed in this study, it is known that TRPA1 translocation to the membrane represents a common mechanism controlling TRPA1 functionality in primary sensory neurons following inflammatory and peripheral nerve injury signals.^[@bibr56-1744806920925425],[@bibr74-1744806920925425],[@bibr82-1744806920925425]^ We speculate that inflammation and nerve injury induce SGC-TRPA1 sensitization that, together with neuron-TRPA1 activation, may contribute to pain by disrupting intracellular calcium signaling and ultimately cellular functions, which has been observed in models of neuropathic and inflammatory pain.^[@bibr46-1744806920925425],[@bibr80-1744806920925425],[@bibr84-1744806920925425][@bibr85-1744806920925425]--[@bibr86-1744806920925425]^ Recent studies have demonstrated communication between DRG neuronal somata and surrounding SGCs involving neuronal ATP release that induces SGC release of tumor necrosis factor alpha^[@bibr87-1744806920925425]^ and glutamate,^[@bibr88-1744806920925425],[@bibr89-1744806920925425]^ which in turn activate the neuronal population. It is therefore possible that SGC TRPA1 may be part of a similar signaling pathway that contributes to neuronal activation in pathological conditions.

In summary, our study demonstrates expression and function of TRPA1 in SGCs. Furthermore, our findings indicate that peripheral inflammation and nerve injury induce SGC-TRPA1 activation that, together with elevated neuronal TRPA1 function, may contribute to increased primary afferent firing in persistent inflammatory or neuropathic pain. Genetic deletion of TRPA1 selectively from SCGs would allow dissection of the relative contribution of SGC-TRPA1 versus sensory neuron TRPA1.^[@bibr90-1744806920925425]^ Future studies could interrogate the cell-type specific TRPA1 roles within the DRG and trigeminal ganglia in models of soft tissue injury, nerve injury, or chronic disease.
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